ABSTRACT
INTRODUCTION
Trees have a certain type of stem form that can be highly variable and may differ according to the species, site conditions, initial density, silvicultural treatments applied, and sociological position where each tree develops. It also varies throughout age as a natural developmental phenomenon or results from phases of relative competition with neighboring trees (LARSON, 1963; FINGER et al., 1995) .
Stem taper can be defined as the relative rate of change in stem diameter with increasing tree height; this change is a natural trend for the species and can be expressed using a mathematical function. According to MACHADO (1982) , age affects stem taper; the older a tree is, the less taper it has. The form changes quite rapidly at young ages, whereas it is slower at advanced ages (FRIEDL, 1989) .
Variation in the stem form of the trees with increasing age can be expressed by taper functions I Programa de Pós-graduação em Engenharia Florestal, Universidade Federal do Paraná (UFPR), Av. Pref. Lothário Meissner, 632, Jardim Botânico, Curitiba, PR, and form factors. Taper functions are equations that describe tree taper, representing the diametric variation along the stem as a function of diameter at breast height (DBH) and total height. In contrast, the form factor is represented by the ratio between tree volume and the volume of a geometric solid, usually a cylinder with the same diameter and height as the tree.
Many researchers have studied tree form, such as FIGUEIREDO FILHO et al. (1996 ), FISCHER et al. (2001 , MACHADO et al. (2004) , KOHLER et al. (2013 ), MÔRA et al. (2014 ), and FIGUEIREDO FILHO et al. (2015 . LARSON (1963) broadly discussed stem form. BURGER et al. (1980) studied form development in Araucaria based on the Hohenadl form factor by age, concluding that the geometric form of the trees is constantly improving. FRIEDL (1989) analyzed the effect of age on stem form in Araucaria, detecting a strong effect of age on form. FERREIRA (1999) studied the effect of age on absolute and natural form factors, concluding that both are highly affected by age. FIGUEIREDO FILHO et al. (2014) evaluated the development of form in Araucaria angustifolia stands. They fitted a fifth-degree polynomial for age classes and the resulting curves indicated that stem form improves with age. The authors reported this same trend with the form factor.
Understanding stem form and its dynamics over time is an important tool for identifying the appropriate moment in which thinning or final felling should be carried out in forest plantations. This is because stem form defines a forest's assortment, and consequently, its economic value. Thus, this study sought to evaluate the evolution of stem taper in Pinus taeda trees using taper functions and form factors, and evaluate changes in stem form with age using the model identity test.
MATERIALS AND METHODS

Description of the data
The data were obtained using the complete stem analysis technique on trees from Pinus taeda stands, with 126 trees (between 7 and 18 years old) sampled in South-Central Paraná state and 120 trees (between 11 and 23 years old) sampled in the mountainous region of Santa Catarina State, Brazil. In both cases, this study sought to sample trees that represent the diametric variation of the stands.
Complete stem analysis
The sampled trees were felled, and 11 disks were removed along each stem, at absolute heights of 0.1 and 1.3 m and relative heights of 15%, 25%, ..., 95% of the total tree height.
The Fitting the taper functions To estimate the diameters along the tree stems at various ages, the data were fitted to an integer and fractional power polynomial (1) proposed by HRADETZKY (1976) .
(1) where: β i = model coefficients; d i = diameter inside bark at different heights (h i ) along the stem (cm); DBH = diameter inside bark at 1.3 m above ground (cm); h i = height (m) at a certain diameter d i ; ht = total tree height (m); p i = model powers; ε i = random errors. Table 1 -Dendrometric characteristics of stem profiles (n) of Pinus taeda trees generated by the complete stem analysis technique for the trees sampled in the Paraná and Santa Catarina States. The following powers were tested for the polynomial: 0. 005, 0.09, 0.08, 0.07, 0.06, 0.05, 0.04, 0.03, 0.02, 0.01, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1, 1, 2, 3, 4, 5, 10, 15, 20, and 25 , and the variables were also selected using the Stepwise statistical procedure.
After selecting the variables, the model was initially fitted for the entire sample, i.e., all of the data at various ages. Next, the database was stratified into age classes and the model was again fitted to each class. Thus, the fits were performed using the pairs of height and diameter along the stem at different age classes, where when d i /DBH is equal to zero, h i /ht is equal to 1. The following age classes were defined: 7 to 9, 10 to 12, 13 to 15 and 16 to 18 years old for the state of Paraná and 7 to 9, 10 to 12, 13 to 15, 16 to 18 and 19 to 23 years old for the state of Santa Catarina, Brazil. These classes were defined according to the "utility" management regime, which generally adopts thinning and final felling at ages similar to these classes.
Taper evolution
Stem profiles at each age class were drawn using the taper equations. Usually, taper curves are only visually analyzed. In this study, it sought to performed a less subjective evaluation of the curves, statistically testing the differences among distinct age class curves in order to determine if it would be possible to group some of these age classes.
For this, it was employed the test proposed by GRAYBILL (1976) and demonstrated by REGAZZI (1993) . This test compared regression equations, assessing whether there is a difference between the sum of the regression squares fitted for each age class and the sum of the regression squares fitted for the set of all of the ages based on the analysis of variance and F test, i.e., testing whether or not it is necessary to develop taper equations, stratifying the data into age classes. GRAYBILL (1976) developed this test to verify the equality of a set of regression equations, testing the following null and alternative hypotheses: H 0 : β1 = β2 = ... = βn (all of the "n" equations are identical); H 1 : βi ≠ βj, for at least one i ≠ j (the "n" equations are not identical).
Failure to reject H 0 allows us to conclude at a given significance level that the "n" equations do not statistically differ among themselves, i.e., the equations fitted with the estimates of the common parameters could be used as an estimate for the other equations involved.
Evolution of the form factor
The artificial and natural form factors of each tree were calculated at all of the ages studied. Based on the mean form factor by age class, it was possible to graphically view their development over time.
RESULTS AND DISCUSSION
Fitting the taper functions
The stepwise statistical procedure selected the same powers for the unstratified data (all ages) for the states of Paraná and Santa Catarina, which were then inserted into equation 2. This was also observed in most of the fittings by age class, and thus the same powers were adopted for all of the age classes to facilitate the subsequent analyses. Table 2 shows the coefficients and statistics for the stratified and unstratified data for the states of Paraná and Santa Catarina. Statistics reported in fitting the stratified and unstratified data from Paraná and Santa Catarina exhibited excellent (approximately 0.99) determination coefficients (R²) and a standard error of estimate (S yx %) lower than 8.4%, indicating the model's adequate fit to the data.
The standard error of estimate was slightly higher in the younger age classes, decreasing in the following classes, suggesting that the data were more homogeneous with increasing age. This same trend was reported by FRIEDL (1989) , who fit taper models to Araucaria angustifolia trees at different ages and noted that fitting accuracy improved somewhat with increasing age, relating this trend to the better distribution of the points sampled in the profile as tree height increased with age and to the change in tree form that occurs with increasing age.
The graphical distribution of residuals for the age classes is shown in figure 1 . The residuals became more homogeneous in the older age classes; this characteristic was present in both data groups. The equations also exhibited a small trend in underestimating the diameters closest to total tree height; this characteristic was more pronounced in the data from Paraná.
Taper evolution curves
The curves obtained are shown in figure 2 , where the curves are steeper within the first years, indicating that there was greater stem taper at younger ages. Over time, the curves became less inclined, which indicates better distribution of stem growth, i.e., the trees became less tapered. BURGER et al. (1980) reported similar results in fitting a fifth-degree polynomial to obtain relative taper curves at the different ages of Araucaria angustifolia. These authors reported changes in stem form with increasing age and concluded that the Ciência Rural, v.46, n.7, jul, 2016. stem taper of the trees at six years old was still paraboloid along the entire stem, changing to neiloid in the lower portion, whereas the paraboloid form was accentuated at the top, leading the authors to determine that the taper of the trees decreased with increasing age.
The taper curves obtained for Paraná and for Santa Catarina differed, most likely due to different silvicultural treatments applied to the stands.
The identity test proposed by GRAYBILL (1976) was initially applied, comparing all of the States.
- taper curves fitted for each age class and for the entire data set, inserting all ages (general model). The p value (probability or α error) found for the tests was lower than 0.95, rejecting the H 0 null hypothesis for both data sets, i.e., the sum of the squared residuals for the age classes was not statistically equal to the sum of the squared residuals of the general model. It was therefore possible to conclude that the taper curves were different at the various ages, showing that the trees changed their form with increasing age. In applying the same test for the curves grouped in pairs, all were found to be statistically different, both for the data for Paraná and for Santa Catarina, i.e., the tree form significantly varied from one age class to the next.
Form factor analysis
The artificial form factor had high values at the younger ages, which indicates the effect of using DBH as reference diameter. Usually, the younger trees had well-tapered stems, thus the basal diameter of the tree was much greater than the DBH, making the tree volume very close to or even greater than the reference cylinder volume (obtained based on DBH), resulting in higher artificial form factor values. BURGER et al. (1980) reported similar results for Araucaria angustifolia trees and stated that this reduction in the artificial form factor does not mean that the tree form is worsening, as this factor does not directly represent the geometric form of the tree, but is a reduction factor for calculating the volume. Figure 3 shows the evolution of the form factors with tree growth. For the stand located in Paraná at 18 years old, the form factors underwent a reduction because few trees were sampled at this age. The form factor increased as the trees grew older and both the natural and artificial form factors tended to stabilize over time. Based on this determination, and as reported by FERREIRA (1999) , the indiscriminant use of a single form factor at any age can generate considerable errors in obtaining volumetric estimates and in studying tree form. 
CONCLUSION
The fitted taper model represented adequately the evolution of trees stem form, showing that the tree stems were more tapered at early ages, improving their form with increasing age.The taper curves developed for the age classes, in both stands, were statistically different.
Both the natural and artificial form factors are highly affected by age, where the change in stem form is greater in younger trees.
Finally, it was concluded that taper functions should be fitted by age classes to be more effective in estimating the assortment in forest stands, and the use of form factors without considering age should be avoided.
